Experimental study of cellular steel beams in fire conditions. Comparaison of unprotected and protected cellular steel beams. Failure mechanism and numerical modelling. Design apparoach and eurocode comparaison. 
Introduction
Cellular beams give architectural flexibility having open large spaces forming compartments, as it is possible to achieve long spans. This structural element is currently being widely used in multi-storey buildings, commercial and industrial buildings, warehouses and portal frames, in the UK and Europe. The investigation of cellular beams at ambient temperature was well covered by various studies on theoretical, experimental and finite element schemes [1] [2] [3] . As a results a number of different failure modes have been observed. In fire, the degradation of strength and stiffness of unprotected steel sections exposed to elevated temperatures can result to early structural collapse [4] [5] [6] . The fire resistance of cellular beams has been very controversial in the recent years, considering the fire protection material and the required thickness in a number of guidelines documents published by the Steel Construction Institute [7, 8] . The most common fire protection material used for cellular beams is the intumescent coating, giving the advantage of allowing the passage of technical services as it can be applied without blocking the holes in the web. Intumescent coating is applied on steel structural elements at specific thickness, necessary to protect the structural element, minimising the wastage and hence cost. They can be applied in the fabricator's shop or on the completed structure on the conhttp://dx.doi.org/10.1016/j.conbuildmat.2015.12.150 0950-0618/Ó 2016 Published by Elsevier Ltd. struction site. In addition, ensures that the steel work is fully fire protected throughout the construction phase. Intumescent coatings contain a mixture of chemical ingredient, reactive in fire conditions producing an insulating layer of carbonaceous char. They can be swelling to between 5 and 50 times their original applied thickness, so that 1 mm film can produce up to 50 mm of char [9] . The char contains air vacuoles in a carbon based matrix, which effectively surrounds and insulated the steel substrate from the rapid temperature increase that will occur to an unprotected steel section.
The use of intumescent coating extends the loadbearing capacity of the steel structure. The stability of a building, having intumescent coating protected steel structural elements, in case of fire depends on the thickness of the coating, the depth and insulation properties of the char produced of it [9, 10] .
Expiremental procedure
The experimental work is a continuation of the research fire test programme funded by the EPSRC and conducted at the University of Ulster, FireSERT Laboratory. The tests carried out on six full-scale composite unprotected and protected cellular beams, of 5 m span length. The cellular beams were fabricated from standard hotrolled steel sections, subjected to one or two point loading, using three different geometries.
Beam detail information
The following types of beams provided in Table 1 and shown in Fig. 1 
Intumescent coating
For fire protection of the cellular beams was used the intumescent coating material Nullfire S707-60. Experienced engineers from the company that provided the material conducted the application of the intumescent coating. The process was completed in three stages as illustrated in Fig. 2 , primer coating was applied along the openings, next it was applied along the full length of the cellular beams and finally the intumescent coating was applied. The thickness of both layers was measured carefully along the whole procedure making sure the final thickness meets the required thickness for providing 60 min fire protection. Final intumescent coating thickness for composite cellular beam 1 was, 605 (lm), for composite cellular beam 2, 586 (lm) and composite cellular beam 3, 637 (lm).
Mechanical and thermal loading
Composite cellular beam 1 was tested under two-points loading and the other 2 beams were tested under one point loading; both ends of the beams were simply supported. The cellular beams were designed at ambient temperature in order to determine the failure load. The loading was considered nearly equal to 30% of the ultimate load found from the pre-design at cold conditions and by taken into account the previous tests conducted at University of Ulster as Ref. [11] .
In order to evaluate the fire resistance of the protected cellular beams the applied loading in protected and unprotected composite cellular beam tests were kept the same. The applied load for cellular beam 1 was 200 kN and 150 kN for cellular beam 2 and cellular beam 3.
The fire load was represented by the standard ISO 834 fire curve. Exposed to fire was the lower side of the composite slab and the steel section.
Temperature distribution on the composite cellular beams was recorded by thermocouples disposed at various locations along the cellular beam in different zone and by 10 thermocouples disposed along the composite slab. Fig. 3 demonstrates the typical thermocouples locations used for the cellular beams. Deflections and axial displacements were recorded using 5 Linear Differential Transducers LVDT's, placed in different location on the unexposed concrete slab.
All beams were kept loaded to their respective applied load for duration over an hour time before the furnace started functioning. The positions of the thermocouples (Fig. 3) were located at each web post along its depth of the section, around the openings and also trough the slab cross-sections. The six fire tests for unprotected and protected cellular beams were carried out under the ISO 834 fire curve. Only the lower side of the slab and the steel section were fire-exposed.
Fire tests and results

Unprotected beams
The average temperatures distribution along the steel profile of the three unprotected beams is shown in Fig. 4 peratures of top flanges are the coldest part of the steel beams cross section with a significant thermal gradient due to the influence of the slab ( to be conducted through the concrete slab so there is less of a restraining force generated and the deflection rises rapidly. It can be deduced from this that the main reason for failure occurring is due to the loss of the steel strength and stiffness rather than a combined loss of material property in the steel and concrete.
Protected beams
Fig . 4 demonstrates the results of recoded deflections and temperatures distribution through the steel sections compared with the unprotected similar beams. The maximum-recorded temperatures on the protected composite cellular beams were in the bottom web of the steel sections. At time 66 min when the furnace test stopped the maximum temperatures were 787°C, 837°C, 798°C for B1, B2 and B3 respectively ( Table 2 ). The temperature distribution inside the concrete slab ( Fig. 5 ) remains cooler compared to the steel cellular beams (Fig. 4) . The maximum recorded temperature was at the bottom of the slab of 429°C at 69 min and minimum temperaures near the surface of the concrete slab of 101°C.
The protected composite cellular beams failed in longer time than the unprotected and the recorded deflection at failure time was less than the unprotected. Temperature distribution and deflections results confirmed the effectiveness and importance of applying fire protection on cellular beams. It can be seen from 
Recorded deflections
A comparison on the recorded mid-span deflections of protected and unprotected composite cellular beams reveals and confirms the effectiveness of fire protection as presented in Fig. 4 . The deflection on the unprotected composite cellular beams increased linearly after 20 min exposure to ISO-834 curve, when the average furnace temperature is higher than 800°C. After 20 min the rate of deflection increased rapidly until failure at 45 min for composite unprotected cellular beam 1 and at 39 min for composite unprotected cellular beams 2 and 3, after the fire test started. On the other hand, the protected for 60 min composite cellular beams, had a linear response of mid-span deflection until 30 min after the start of the fire test, after this time step transform to nonlinear. Table 3 shows the recorded temperatures for bottom web for each cellular beam at same times of exposure. It can be concluded that the resulted deflections are a consequence of the temperatures increase across the cellular beams. Due to the heated steel section the degradation of the material properties, yield strength f y ðhÞ , and young module EðhÞ, lead to the displacement and finally failure of the cellular beams. At 60 min fire exposure, which is the fire protection limit time provided by the applied intumescent coating, the resulted temperatures are higher than 750°C. In addition, at the stopping time of the fire tests, 66 min the higher temperatures achieved are close to 800°C.
Considering the geometry and size of the composite cellular beams, the recorded mid-span deflections on the symmetric protected cellular beam 2 are higher than the other two asymmetric cellular beams (see Table 3 ). Hence, the effect of elevated temperatures on composite protected symmetric cellular beam 2 materials is more intense than the other two asymmetric beams.
Recorded temperature and mid-span deflection (Fig. 4) comparison for protected and unprotected composite cellular beams demostrated the necessity of fire protection of cellular beams with intumescent coatings, increasing their life time and ability on holding the load, when exposed to severe fire conditions. The heat transfer through the concrete slab, during the fire exposure was not significant, as illustrated in Fig. 5 , with highest temperatures less than 450°C. Thus, it is presumed that the main reason for failure occurring is due to the loss of the steel strength and stiffness rather than a combined loss of material properties in the steel and concrete. Web post buckling failure mechanism Fig. 6 . Failure mechanism of the unprotected and protected cellular beams.
Failure mechanisms
Unprotected cellular beams: the temperature difference between the top and bottom flange was observed to be greater due to the significant rise in furnace temperature in the case of the ISO fire, but it was not relevant for the web post buckling. However, buckling of the web posts begins to occur before the final point of failure as the steel beam temperatures are in excess of 600°C at which point the steel has less than half of its design strength and Young's modulus is reduced to 20%. When the furnace temperature is around 750°C, the Young's modulus decreases quicker than the steel strength limit; which may causes the failure modes. The main failure mode in beam 1 and beam 2 was the Vierendeel bending associated with the buckling of the web posts of the steel section. The web post buckling was the main failure mode in the beam 3. More information about unprotected beams in fire are provided in Ref. [11] .
Protected cellular beams: taking the protected cellular beams out from the furnace chamber, first observation was the swelling of intumescent coating, creating the char instead of the original paint form, as illustrated in Fig. 6 . Closer observations on the specimens lead to the identification of the failure modes. Web-post buckling dominates the cellular beams failure as a result of the temperature difference between bottom and top flange. On the asymmetric cellular B1 the web-post buckling is located only on the solid web close to the supported edges, Fig. 6 . Also, is not clear if Vierendeel bending action was appeared before the web-post buckling. Vierendeel bending in combination with the web-post buckling can be indicated on cellular B2 web between circular and elongated opening, Fig. 6 . Asymmetric cellular B3 has failed due to web-post buckling located between the circular openings along the span, Fig. 6 .
Eurocode 3 [12] , provides the reduction factors of yield strength and Young Modulus for steel sections, when exposed to elevated temperatures (BS EN 1993-1-2, 2005) . The ultimate load factor of 0.3 considered in the furnace fire test predicted the expected failure temperatures given by Eurocode 3 as 670°C and 600°C for yield strength and Young Modulus respectively, as shown in Fig. 7 . However, the average recorded temperatures on composite cellular beams were, 699°C on protected cellular B1, 726°C on protected cellular B2 and 683°C on protected cellular B3, when the average furnace temperature recoded was 922°C.
The above observation leads to the conclusion that the lost rate of strength is slower than the lost of stiffness, decrease of Young Module. Thus, composite cellular beams main failure mode is web-post buckling, forming an S shape on the web between the openings as it ullustrared in Fig. 6 . Closer observations on the symmetric protected cellular beam identified Vierendeel bending in combination with the web-post buckling.
Finite element modelling for fire conditions
The cellular steel beam sections and slab were modelled using the solid-brick element (Fig. 8 ) and heating element in order to add a temperature dependent mesh over the top of the structural mesh. Both the steel deck, as a bottom layer, and the reinforcing mesh as a layer within the concrete were included. Full interaction between composite slab, decking and cellular beams was insured, during the design and meshing stages. In order to simulate the tests as accurately as possible the beams were split into different areas. Different time/temperature curves were introduced to the model according to the average thermocouple reading recorded in the tests for the bottom flange, bottom web, upper web, upper flange, bottom layer of steel decking and concrete slab. Smeared cracking model was used for concrete which is characterised by the use of combining tension softening, tension cut-off and shear retention in order to analyse a concrete structure under loading. Tension cut-off has one of two options to consider, either constant or linear performance under loading shown as shown in Fig. 9 .
The thermal and mechanical properties of the concrete and steel are considered as temperature dependant and the relations suggested by the Eurocode 4 part 1-2 [13] were used throughout the work reported in this paper. For simplifying the models, the slab reinforcement and shear studs have not taken into account in the modelling. However, through the meshing process is ensured connection between composite slab and down stand cellular beams.
Fire load assignment
Based on the experimental observations on the furnace fire tests, the temperature distribution on the protected steel cellular beams is non-uniform. Although, the protected composite cellular beams were exposed on ISO-834 standard fire curve the resulted temperatures across the protected steel section have different profiles.
From the literature on researches preforming finite element analysis on protected cellular beams are presented two methods: a. Adding on the original model, the protection material presenting it as an additional layer with thickness and properties for providing the required fire protection. This method requires creating an interface between the protection geometry and steel cellular beams, leading to complex finite element models. b. The second method proposes the experimental recorded temperatures of each section part to be introduced on the finite element method [14] .
The second methodology is adopted in this research for operating the finite element analysis of the protected composite cellular beams.
The reasons defending this are, for simplifying the finite element model, the supplier company did not provide the specific properties of the intumescent coating material and having an excellent set of experimental data is a great tool for creating an accurate finite element model.
Finite element analysis results
The simulation of the cellular beams were divided in different heated areas, top flange, top web, bottom web and bottom flange. Different time/temperature curves were introduced to each model according to the thermocouples readings in the fire tests for each part of the cellular beam section and lower surface of the steel decking. In this research study were used two approaches for the temperature distribution. On the first case all the section of the cellular beam, top flange, top web, bottom web and bottom flange were modelled using the average temperatures from the thermocouple readings. On the second case, the maximum-recorded temperatures were used for the top and bottom web, keeping the average recorded temperatures for top and bottom flanges.
The results obtained from the finite element analysis are presented in Fig. 10 . It shows that the temperature deflection curves for each cellular beam, considering both cases for temperature distribution as described above. The two approaches of numerical modelling correspond reasonably well with the experimental results, having the results of the maximum web temperature distribution to be slightly closer. The approach of numerical modelling seems to agree well with the experimental fire tests. The failure mode that has taken place in the cellular beam 1 is due to the web posts buckling and Vierendeel bending as was seen in the fire test. At inial stage of loading, Vierendeel mechanism tends to develop starting due to the cellular geometry of specimen. Finally the beam fails by flexural web post buckling.
The axial stresses and Von Misses distribution at 66 min illustrate the critical parts of protected cellular B1, being in tension, as presented in the Fig. 10 . Von Misses and axial stresses concentration are higher on the top web, around the openings, indicated by the green and orange colour respectively. This confirms the severe web-post buckling of top web due to the smaller size, thinner than the bottom web. In addition, the Vierendeel bending is located on openings 1, 2, 6 and 7 on the top web as shown in the axial stresses distribution in Fig. 10 . There is no Vierendeel action on the elongated opening due to the transverse stiffeners.
For the B2, the stress concentration in the bottom part of the web around the elongated opening near the circular opening is in tension to a greater extent than the other parts of the web around openings and the stress concentration in the top part of the elongated openings is higher than the web post. From these observations and analysis, the failure mode of test B2 has clearly been the Vierendeel mechanism as expected associated with web post buckling. Furthermore, taking the axial stresses and Von Misses stresses distribution, Fig. 10 , resulted from the average recorded temperatures approach; tensile forces, yellow colour in the figure, are mostly located in the top web with maximum on the elongated openings. The compression forces are indicated with green colour, which are dominating the beam along the span. Additionally, the tension located on the elongated opening on the bottom web reveals the failure mode for this protected beam is web-post buckling combined with Vierendeel bending. For B3, Von Misses and axial stresses concentration are higher on the top web, around the openings, indicated by the green and orange colour respectively, Fig. 10 . This confirms the severe web-post buckling of top web due to the smaller size, thinner than the bottom web.
Analytical model
The failure mechanism for all the cellular beams was web-post buckling and Vierendeel mechanism. As an example, Fig. 11 illustrated the post web bucking failure of beam 1 after clearing the intumescent coating from that beam and expected failure happened when the critical temperature has been achieved.
From Fig. 11 , we can see that the effective length subjected to buckling is different from beam-to-beam and therefore the shear buckling capacity of the web post at temperature h, expressed in terms of longitudinal shear needs to be adjusted in comparison with the SCI approach design shown in Eqs (1)- (4)and more information are provided in Refs. [2, 15] .
For closely spaced openings, the effective length, l eff , as an equivalent web post strut for a symmetrical section having circular and elongated circular openings is given as 
This value can be used for calculating the slenderness of the web post at the elevated temperatures (see Fig. 12 ). But in the asymmetric section where critical web thickness is nearly half of the other, effective length, shown as Fig. 12 , considered to be applied by
From this research project investigation It is recommended that the k h can be adjusted in order to approach the practicality of the different cellular beams used in design constructions.
In here, f y,h is the design yield strength of steel at temperature h. where, f E,h is the elastic buckling stress at temperature h and k is the slenderness, determined on the basis of an effective length of an equivalent web post strut l eff . t w,critical is the thickness of the web, in which, l eff ¼ 0:5
for t wt /t wb = 1.0 for circular and elongated symmetric section l eff ¼ 0:25
for t wt /t wb 6 0.6 for circular and elongated asymmetric section.
Analytical analysis using Eurocode 3
Eurocode 3, EN 1993-1-2 [12] , provides an equation for calculating the temperature increase Dh a,t of a protected steel member, in the case of uniform temperature distribution in a cross-section [16, 17] . In Eq. (5), h t is the gas temperature, h a,t is the steel temperature, A p /V is the section factor of the protected steel section, d p fire protection material thickness, c a , q a , the specific heat and density of steel, c p , q p specific heat and density of the protection material and k p,t the effective thermal conductivity of the fire protection material at time t
; ¼
Intumescent coating is a thermal reactive material; consequently, its effective thermal conductivity does not have a fixed relationship with temperature. Thus, the fire exposure of intumescent coating is important [16] . In the paper of X.H et al. [17] the effective thermal conductivity of intumescent coating was computed using the inverse solution of Eq. (5) and experimental data from a test series of ten specimens [17, 18] . This approach is being taken from DD ENV1331-4: 2002 [18] .
The steel temperatures of protected steel section exposed to ISO 834 fire curve were calculated using Eq. (5). The thermal effective conductivity was taken as computed in papers X.H et al. [17] . The material properties of the intumescent coating are selected as density 1300 kg/m 3 and specific heat 1000 J/kg K. During the fire tests on the protected composite cellular beams, it was observed that the thickness of the thin film of the applied intumescent coating was changing, forming a thick char surrounding and insulating the steel beam cross-section from fire. Based on these observations the fire protection thickness and thermal properties materials were calibrated to be used in the calculations of the steel temperatures using Eq. (5). From Fig. 13 it can be concluded that the calculated protected steel section temperatures by Eurocode 3 is relatively good in agreement with the experimental results. However, the equation can be improved by providing the temperature distribution of the cellular beam in other to adjust the thermal conductivity which could lead to better closer theoretical results.
Conclusions
This paper describes an experimental and analytical study of the behaviour of composite floor with protected and unprotected cellular steel beams in fire conditions conducted at the FireSERT, Ulster University; and it may be concluded that:
Intumescent coating is the most effective fire protection material for steel cellular beams. The experimental results from the furnace fire tests of protected cellular beams compared to the results of tested unprotected cellular beams, have demonstrated that the recorded temperatures on the protected steel sections are less than the unprotected. Also, the deformation of the protected composite cellular beams is less crucial than the unprotected. The failure mechanism in the three protected composite cellular beams failed with the same manner as the unprotected but with a longer duration time and this is due to the insulation material used. The post web buckling lengths for cellular beams with different shapes and cross sectional dimensions are proposed. The numerical model is capable to simulate the mechanical behaviour of composite cellular beam sections protected at elevated temperature conditions with a relatively high accuracy. The Eurocode provided equation used in DIANA can provide quite good agreement with the experimental results when it is calibrated with the correct material specification of the intumescent coating used. The simplicity and versatility of the Eurecode with more additional data can be an attractive for application in fire resistance assessment in design and analysis situations. The research in Ulster University is taking step forward with the numerical modelling of intumescent coating protection for cellular steel beams using different load ratios and beam slednerness in order to provide the limit temperature for such of composite floor and improve the actual design rules.
